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ABSTRACT

In this paper, a proposed approach to improve the power factor of three-phase rectifiers and to stabilize the output
voltage against load change is presented. The key elements of the given control strategy are small size, low cost, high

performance, and simplicity. The proposed control strategy of switches is based on a prototype of three bi-directional

switched consisting of four diodes and one IGBT. A control technique and operational procedure are also developed, both

theoretically and experimentally. The experimental results clearly verify the theoretical analysis from the prototype

connected to grid unity.
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1. Introduction

A majority of the power electronics applications such as
adjustable speed ac motors and dc servo motor drives,
uninterruptible power supplies (UPS), battery storage,
switching dc power supplies, and so on, use uncontrolled
rectifiers which employ a three-phase bridge with diodes
to interface to the ac power supplies. However, the diode
bridge rectifier interconnected to the utility grid has a
non-sinusoidal input current and a poor input power factor,
which leads to lower performance of the power converters.
Therefore, the necessity to develop a control strategy for
the three-phase rectifiers in order to improve the power
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factor and achieve further overall cost reduction and high
efficiency of the system has increasingly been emerging as
a leading issue in power electronic fields.

To overcome the drawbacks mentioned above, a
number of new techniques have been proposed for
improving the power quality and the power factor of the
three-phase rectifiers. According to '), an ac to dc with a
front-end three-phase rectifier with diodes and three boost
inductors at the ac side which gives small reactive power
is presented. Although the proposed method draws ac
sinusoidal current and obtains almost unit power factor,
the restriction of this method is that it is actually more
difficult and challenging to design the boost switches in
high power applications. Furthermore, one of the most
prominent methods is to consider the rejection into the ac
line with the third harmonic current, which results in a
power factor close to that of a utility grid and gives almost
sinusoidal input current in rectifiers. In %, the third
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harmonic is created for the dc side by using two step-up
dc-dc converters within a dc link in prototype. Another

3

procedure presented in P! is that the proposed circuit

includes the interconnection of a delta-zig- zag
transformer between the ac and dc side of the diode
rectifier. However, there are some limitations to high
power applications due to increasing the cost, size and

weight of the magnetic components and related interfaces.
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Fig. 1 Circuit of three-phase diode bridge rectifier and

bidirectional switch
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Fig. 2 Main waveforms of the proposed control strategy

On the other hand, a different approach is proposed in
™ which uses the harmonics elimination PWM techniques
to improve the output voltage waveform whereas in Bl a
circuit of an add-on simple cell with line-frequency
commutated ac switches is applied. However, that
converter does not fully investigate the proposed circuit’s
potentiality.

In this paper, although the structure of the prototype is

{6}, {7}

the same as , we present a new control method with

additional switches that has better characteristics as
follows: lower total harmonic distortion for small input
current, higher input current performance over a small
range of output power, and shorter settling time when the
load is changed. The proposed scheme is simulated and
verified experimentally.

2, Circuit configuration

The circuit shown in Fig. 1 consists of a three-phase
diode bridge rectifier, and three bidirectional switches
(S,,S,,S,) that can be built by using one MOSFET or

IGBT, and four diodes. The bidirectional switches are
connected between the common neutral point (N) and the
phase terminal (A, B, C).

It is assumed that the anode-to-cathode voltage of each
diode of the rectifier as well as the voltage drop through
bidirectional switches is of negligible quantity. Fig. 2
shows the waveforms of the considered power circuit.

The bidirectional switches,S,,S, and S_, are turned

" on at an appropriate interval, conducting a partial line

current. As a result, the input voltages v,, ,vz, , Veo-

the voltages between each input terminal (A, B, C) and the
zero point of the main source - become the staircase
waveforms, and the input current waveforms become
similar to the sinusoidal input voltages, in this case, it is
clear that the power factor is improved.

In Fig. 2, the characteristics of the rectifier can be
controlled by adjusting the parameters such as yand &,

where ¥ is a constant value between (0 and 1 which
determines the pulse width for S,,S,,S.,and J isthe

phase angle between the supply voltage and the
fundamental component of the rectifier input voltage.
Therefore, we can improve the characteristics of the
considered rectifier by selecting a suitable yand &. In

essence, this is the control strategy that uses a control
technique of angle 5 to improve system performance

behavior.

3. The proposed control method

Fig. 3 shows an equivalent circuit and a phase diagram
for fundamental components of the voltages and currents,
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where V, is the rms-value of the sinusoidal supply
voltage, ¥, is the rms-value of the fundamental
component of the input voltage of the rectifier, [, is the

rms-value of the fundamental component of the input

current of the rectifier, L is the input inductance

including a leakage inductance of transformer - L, and
an inductance of the inductor - L;, and R is the input

resistance.

V401

(b)

Fig. 3 Equivalent circuit and phase diagram for the

fundamental components

The Fourier expansion of v ,, depicted in Fig. 2 gives

the following equation

v, = 37V 401 1)

We can control the output dc voltage V, by using a
parameter such as ¥ . The control of dc voltage by using
¥ is presented in "), In this case, however, we propose a

novel approach in which the rectifier achieves the unit
displacement factor (DF) and the output voltage V, is

almost stable at that time.

To obtain the unit displacement factor, the I, vector

must be the same direction with the vector ¥, regardless

of the load. The output voltage V, is absolutely stable in

the case when the vector ¥,, moves in an arc of the
circle trajectory, as shown in Fig 3 (b). In this case,

however, the current 7, can not be in co-phase with the

voltage Va. Therefore, instead of the arc of the circle, we

can use a line which could be a boundary from the
dropped voltage on an input resistance R. The angle

5=0=yr/6 is the maximum angle when current I,

is in co-phase with the voltage ¥, as shown Fig. 2. The
@ is the angle between the fundamental component of the
input current and the fundamental component of the input
voltage.

Assuming that

y=05 and V,,(at & = %) =V, (at 5=0) )

In this case, the smallest voltage V., Will be at the

V.
point /2, we have —22 _ oo5(22) =0.991
A01 24

Therefore, using control of & when the end of the

vector  slides on the line which is the boundary from
dropped voltage VR, we can obtain the output dc voltage
changing 0.9% only.

When the fundamental input current /,, is in co-phase
with the voltage V, the following equation can be

obtained from Fig. 3 (b).

L1 L]
5 = arctan| ——-al_ |  arctan| —2="al 3)
Va - VR Va -1 alR

In practice for the control system, it is better to use the

dc current instead of the alternating current I, for

computing in an experiment. Thus, we need to change the

current [, in equation (3) to the dc current /.

According to the analysis of the six operating modes
described in ©), the next equation can be achieved below:

1y
I .=
al k-cosd

W2 (yn)

O

where t=""".cos| —
T
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Thus,
mkh5
¢ - .COS 5
an & ———_ I,R (5
k.cosd

From equation (5), the angle & can be determined

using numerical methods. However, the range of value
¢ included in (2) is [0, 2/6£] . The first calculation is to set

y =0.5, and then we can assume cosd =1.

I .
Asaresult, I = 7" consequently, the equation (3) can

be rewritten as follows

*

o = arcta d__ |=arctan _ ©)
k _ld- k — };
wl 1 ; ol

. l,oL
where [, = a9

a

is the normalized output dc current

As a result, the dc voltage can be kept stable by varying
under equation (6).

Using the Fig. 3 (b), the input inductance and input
resistance can be easily determined under the condition (2),

and we assume that [, =17

al max

at 5:%, then we

have the following formulas

V, sin (%)
L=————r

J) al(max)

wL[l -~ Cos(ﬁ))
6 ®)
sin(ﬁ)
6

The expression for load characteristic which shows the

M

R:

relationship between the dc output voltage and output dc
current can be obtained on the basis of the vectors
depicted in Fig. 3 (b) and equations (1), (4).

* *\2
(4]
* oLk k
Va= ©)
ﬁ{zcos(ﬂ)+ws(ﬁ_ﬁj+cos(ﬁ+ﬂ)}
6 3 6 3 6

Where, ¥, is the normalized dc output voltage.

Hence, the dc output voltage variation due to load
change can be stabilized by adjusting the angle
according to equation (6) with respect to the dc output

current after we previously define the parameters R and L.

4. Analysis of characteristics

From the input current, we can calculate various
characteristics of the considered system. Figure 3(a)
shows the input current of the rectifier depends on the
sinusoidal supply voltage v, and the input voltage v .

The analysis will be simplified if we assume that the
input resistance is small and can be neglected. As a result,
the equation (10) can be obtained for the circuit
arrangement in Fig .3(a).

di, (t)

1) — Hy=wlL
va() VAO() [ da)t

(10)
The Fourier expansion of v, depicted in Fig. 2 gives

the following equation

vaolt) = i Zqsin(@n+hor) {%cos[(Zn + l)%}

fowr n(2n+1)

+§cos|:(2n +1)(§—1615)i|+§00s[(2n + 1)(§+% }}

(11)

Substituting v ,,(f) into equation (10), the input

current is determined as follows:

i, = asin(of +0) +
2, 2V cos(2n + ot { 2
S a@2n+1)? 3

%cos [(Zn + 1)(% - 162 } + écos [(2;1 + 1)(% + % }}

cos{(zn + 1)%} + (12)
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Note that the DPF is unit but parameters DF and PF are

Where a=2+af —2\/5a1 cosd ) : : o .
approximately unit at light load, but it is reduced rapidly

a = %_ {Z COS(ZE] +lcos(£_ﬂ) +l COS[ L +ﬂ)} when the load is decreased. These phenomena are due to
m 3 6/ 3 3 3 3 6 the result that the input harmonic current components
P coss+a become higher compared to the fundamental component.

and 0 =arctan| ————— "1 .
V2sins Fig. 5 shows the waveforms of the supply ac-voltage and

input current drawn by using equation (12). From equation
The distortion factor (DF), the displacement power (12), it is easy to calculate the THD of the input current.
factor (DPF), and power factor (PF) can be calculated

from equations (6), (9) and (12) by using the MathCad or
Mathematica. Fig. 4 shows the characteristics DF, DPF,
and PF relating to dc output current with the different
values of y.
DPF
1.05
¥ =0.45 y=0.5
1 THD; =12.85%
0.95 2y 00083 00167 0025 00333
@)
12 —=
0.85
g 0.6
08 (V] 0.087 0.17 0.26 0.35
(@) 0
DF
1.05
. ~0.6
THD; = 6.98%
0.95 -12
0 00083  0.0167 0.025 0.0333
0.9
(®
0.85 Fig. 5 The input current waveform simulated by equation 12
o8 o with respect to supply voltage v, at y=0.5:
o 0.087 0.17 0.26 0.35
(b) (@ I;=0.163and(b) I, =03
PF
1.05
il oy —o0s 5. Simulation results
0.95 . .
y=0.45 The output dc voltage can be controlled by adjusting
0.9 angle o according to equation (6). Fig. 6 shows the
0.85 simulated waveforms of the supply voltage v,, the input
os 15 current i_, the output dc voltage ¥, and the output dc
o 0.087 0.17 0.26 0.35
() current [, . Simulations are performed under .the
Fig. 4 Relationship between DPF, DF and PF and /; under following environments: V¥, =955V , f=60Hz ,

the control law of (4) with different values ¥ L=35mH , R=015Q , C =C,=1000uF , and
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¥ = 0.5 by using Micro-Cap.

As shown in Fig. 6, the output dc voltage remains
almost constant even though the load is changed quickly.
As a result, we can say that the proposed rectifier has a
good possibility to stabilize the output voltage under a
sudden change of load. Due to this capability, the control
method gives excellent sinusoidal waveforms for input
current which is in co-phase with the voltage and the
settling time is approximately 20 ms which is much
shorter than the previous rectifier reported in . A
complete hardware and software implementation with
experiment results is presented in the next section.
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Fig. 6 Simulated results of input current i_, supply voltage

v, , output voltage V,, and output current [/,

6. Experimental results

The following are details of the experimental laboratory
prototype described in Fig. 7: the rated output power
(Pout) = 2.6KW, ¥, =955V, L,=2mH, L,=1.5mH,
R=0.15Q0 , C, =C,=1000uF |,
frequency f =60Hz.

and utility grid

The experiments are performed with two values of y
which are 0.45 and 0.5 utilized by the simulation program
to generate a control signal for & in the controller.

The prototype is implemented at different levels of load
0.4 kW, 0.8 kW, 1.0 kW, 1.4 kW, 1.8 kW and 2.6 kW.

The control algorithm is performed with a closed-loop
as shown in Fig. 8 with the y, L, R fixed in the control

system by using an Atmel microcontroller ATMEGAS8535.
The output current is continuously measured in order to
give the feedback value Id used for calculation of in (4)
in order to produce the proposed phase shift to control the
additional switches. In addition, choosing a suitable
induction L is absolutely important because this will
directly affect the quality of the input current and total
harmonic distortion as well as the power factor.

The data are collected by oscilloscope LeCroy, using
Matlab and MathCad to build up the relationship between

PFand I, inFig. 11.

Fig. 7 Experiment prototype in laboratory

6.1 Effect of value } to power factor

According to the simulated results in Fig 4a, 4b and 4c,
it is clear that the quality of total harmonic distortion with
y= 0.5 is much better than that with y= 0.45. The

experimental results in Table 1 show that the total
harmonic distortion (THD) of input current with value
¥ = 0.45 is much higher than that with the value p=0.5.

Table 1 Total harmonic distortion of the input current
P I* THD (%), THD (%),

(kW) d y =045 y=05
0.4 0.025 87.69 553
0.8 0.05 33.70 32.22
1.0 0.063 29.29 26.87
14 0.088 23.32 21.00
1.8 0.113 15.98 17.50
2.6 ‘ 0.163 12.32 11.94




6.2 The input power factor and current
waveform of rectifier
The experimental input power factors at y =0.5are

presented in Table II. These results determine that the
input power factor agrees with the value » analyzed in

the simulation according to Fig 4a, 4b, and 4c. The fact
that using an additional switch circuit in the whole
prototype and exploiting a novel control method for
producing a shift control angle of bidirectional switches

A Novel Control Strategy for a Three-Phase Rectifier with -+
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according to (6) really improves the power factor Fig. 9 The input voltage v,, and current waveforms 7,
compared with the utility grid and reduces the total

harmonics line current distortion is specifically considered
and developed in this paper.
In Fig. 9, the input current i, and the input voltage

v, are depicted. Notice that the experimental waveforms

are similar to the ones obtained with the theoretical
analysis which is depicted in Fig. 2.

In Fig. 10, the input current and voltage waveforms are
in phase together, so that means the DPF is near unit with
the considered control strategy. Furthermore, Fig 10
shows that the input current is becoming a more sinusoidal
wave though the loads are changed respectively. When at
last the output-power of the load greatly increases, the
power factor will be
applications. Due to these novel achievements, the control
method gives an excellent result with respect to the quality
of the power factor of the three-phase diodes rectifiers.

improved in higher power

Y, L, R

AC
supply

Zero crossing
detection

Control Power
algorithm § > circuit

\ 4

The proposed control strategy gives very good results as
presented in Fig. 11. The power factor in the case of y=

0.5 shows a result very close to the simulation. The dot trace
denotes results obtained by experiment and the solid line
denotes results achieved by simulation analysis. The dynamic
performance of this control scheme demonstrates that the
input power factor of the rectifier can be improved and the
THD of the input current will surely be reduced as well.

Fig. 8 The control block diagram

Iy
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(d)
Fig. 10 The supply voltage and current waveforms with
different loads at = 0.5. (a) 1.0 kW, (b) 1.4 kW, (¢)
1.8 kW, (d) 2.6 kW
PF
1.05
1
0.95
0.9
0.85
I
o8 0 0.087 0.17 0.26 0.35
Fig. 11 Experimental and theoretical results of the power factor

at value ¥ =0.5 (the dot and the dash trace shows

the experimental and the
respectively.)

simulation results,

Table 2 Input current distortion, displacement factor and power

factor with different loads at y =0.5

P (kW) THD (%) cosp PF
0.4 55.3 0.964 0.8436
0.8 32.22 0.9801 0.9329
1.0 26.87 0.9892 0.9553
1.4 21.00 0.9999 0.9786
1.8 17.50 0.9998 0.9848
2.6 11.94 0.9985 0.9914

6.3 Stabilizing the output voltage at loads
variance
The proposed control method keeps the output voltage

stable even though the load is suddenly changed to
different levels during operation. This is evaluated by the
settling time in Fig. 12, where the settling time at the load

“variance from 1.0 kW to 1.8 kW is approximately 25ms.

The experimental results illustrate the proposed approach
has been accurately analyzed with respect to efficiency
and stability.

308 ke
Ao Ao

Fig. 12 Step load change from 1.0 kW to 1.8 kW; Upper trace
— output dc voltage (50V/div; 100ms/div), lower trace
— input current (2A/div; 100ms/div)

Fig. 13 shows the characteristics of the output dc
voltage when the output current varies with the load. The
dots are results obtained by experiment and the solid line
is the result obtained by using equation (9). We can see
that the experimental voltage is similar to the one obtained
with theoretical analysis. Therefore, the experimental
results fully validate the simulation and the system
performance.
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Fig. 13  Experimental and theoretical results of the

dc-output voltage in versus output current
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7. Conclusions

In this paper, a proposed novel control method for a
diode three-phase rectifier has been presented. By
choosing the different values of y appropriately, various

characteristics of DF, DPF, and PF can be achieved with
respect to dc current and the output voltage, which can be
stabilized at the same time under various loads. As a result,
the proposed control method is able to improve the power
factor of the three-phase rectifier connected with grid
unity, increase the quality of the harmonics of the input
current, and stabilize the output voltage. Furthermore,
with the low-frequency of switches, the losses of
prototype are reduced, thus the overall efficiency is
increased. The considered power circuit is very suitable
for implementation as a stiff voltage source.
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